INTRODUCTION
The Animal Virus Research Institute (AVRI) has played an important role in the development of understanding of the nature of rhabdoviruses, especially vesicu lar stomatitis virus (VSV). The first research in the UK involving VSV was carried out at Mill Hill by F.M. Burnet in collaboration with I.A. Galloway, who later became the first Director of the precursor of the AVRI, and this work was pub lished in 1934. Ten years later a number of field strains of VSV were imported into Pirbright by Dr Galloway, initiating a comprehensive programme of research on this virus. At first interest centred on the practical goal of developing serological methods of discrimination of vesicular stomatitis disease from foot-and-mouth disease by J.B. Brooksby and others. This phase was followed by pioneering work by C.J. Bradish and J.B. Brooksby on the morphology and biophysical properties of VSV, and some of the first electron micrographs of VSV were produced in the Institute. About the same time Hubert Skinner began exploring the diseaseproducing potential of VSV in domestic and laboratory animals and developed a modified strain of the Indiana-C strain which no longer produced vesicular lesions in cattle. The subsequent biochemical work of Fred Brown, Joan Crick, Ben Cartwright, Dave Rowlands and others made Pirbright an internationally recognised centre of virological research at a time when interest in foot-and-mouth disease was still confined almost exclusively to veterinary research workers. More recently the Biochemistry Department at Pirbright has conducted a series of far-reaching stu dies on the physical nature of rabies virus. With the imminent retirai of Joan Crick the Pirbright connection with rhabdovirology is severed. This is a matter of regret at a time when there is a resurgence of interest in these viruses as evidenced by the significant advances reported at the Sixth Negative Strand Virus Meeting organised by Brian Mahy and Dan Kolakofsky in Cambridge in September 1985.
THE FAMILY

RHABDOVIRIDAE
At present the Rhabdoviridae family of viruses comprises two recognised genera of related viruses and a large assemblage of uncharacterised viruses linked by a common bullet-shaped or bacilliform morphology (2, 10) . The genus Vesiculo virus includes VSV and nine viruses directly or indirectly related to VSV (i.e. Chandipura, Cocal, Isfahan, Jurona, La Joya, Perinet, Piry, Porton-S and Yug Bogdanovac viruses). The genus Lyssavirus includes rabies virus and five rabies-related viruses (Duvenhage, Kotonkan, Lagos Bat, Mokola and Obodhiang viruses). Most of the vesiculoviruses infect arthropods as well as vertebrates, whereas the lyssaviruses infect vertebrates only, with the exception of Kotonkan virus which has been isolated from Culicoides spp. only.
The taxonomy and basic physical and biological properties of rhabdoviruses have been dealt with comprehensively in a three volume monograph edited by D.H.L. Bishop (1) . This review will deal only with a few salient developments since that time.
VSV AND THE RISE OF MOLECULAR VIROLOGY
Vesicular stomatitis virus (VSV), the prototype rhabdovirus, as well as causing a troublesome animal disease, has been prominent in the development of molecular virology. The discovery by David Baltimore of an RNA-dependent RNApolymerase activity associated with the VSV virion followed on the discovery by Kates and McAuslan of the vaccinia virus DNA-dependent RNA-polymerase and just preceded the discovery by Baltimore and Temin and Mitzutani independently of the RNA-dependent DNA-polymerase (reverse transcriptase) of retroviruses. The classification of viruses devised by Baltimore on the basis of the type and pola rity of the nucleic acid of viruses which followed from this work has become the basis of the teaching of molecular virology, and VSV has come to be regarded as the prototype for all viruses with negative strand RNA genomes whether segmented or unsegmented. Subsequent research has reinforced the key position of VSV in molecular virology. VSV is still at the forefront of virus research, currently being used to produce VSV (HTLV) pseudotypes which are being used as a rapid assay and detection system for the human T-cell leukaemia viruses (3).
THE UNIQUE MORPHOLOGY OF RHABDOVIRUSES
VSV is only one of more than 50 named animal rhabdoviruses, and a larger number of plant rhabdoviruses. This family of viruses is unique in the manner in which it overrides taxonomic boundaries. The host organisms for these viruses include protozoa (an entamoeba), plants, invertebrates and vertebrates, including man. All the other negative strand viruses are more restricted in their hosts; even the bunyaviruses which are probably the most diverse of all the families of negative strand viruses are represented outside the animal kingdom only by a single pre sumptive plant virus.
Undoubtedly the unique morphology of the virion contributes both to its isola tion from this diversity of hosts and to its prominence in molecular virology. The characteristic bullet-shaped particle is illustrated in Fig. la . Because of this unique morphology discrete particle types can be discriminated by sucrose gradient velocity sedimentation and when virus is passaged at high multiplicity of infection in cul tured cells, defective interfering (DI) particles tend to accumulate. Initially it was considered that there was a single standard type of DI particle (Fig. lb) . However, later it became apparent that each independent induction of DI particles generates a unique type of DI particle. There is no single standard DI particle, therefore, but rather a series ranging from particles with half-length genomes (Fig. lc) to particles with one-tenth of the standard particle genome (Fig. 1d) . The latter form small cir cular DI particles and are exceptional in that so far they have been associated only with temperature-sensitive (ts) mutants of Complementation Group III of VSV Indiana. The majority of DI particles have genomes derived from the 5'-end sequences of the molecule with the remainder deleted. The particles contain the same protein components as the virion in approximately the same proportions. DI particles exhibit the property of specific interference with the replication of normal infectious virus. One unique type of DI particle of VSV Indiana in which the 5'-end sequences are deleted and the 3'-end sequences retained is distinctive in its ability to interfere with virions of heterologous serotype as well as with those of the homolo gous serotype (15) . Although DI particles with more complex genome structures have recently been found in VSV New Jersey (14) , the origin of all DIs can be explained by a "leaping or jumping replication complex" and copy-back or more probably copy-choice synthesis (10) . The mechanism of specific DI particlemediated interference appears to be at the level of competition for replication com plexes.
It is considered that DI particles play an important role in the modulation or self-limitation of infection according to a theory originally expounded as long ago as 1970 by Huang and Baltimore (8) . Definitive evidence in support of this is still lacking, however, because of failure to recover DI particles directly from infected animals.
STRUCTURAL PROTEINS OF RHABDOVIRUS
Although large and distinctive in dimensions (175 x 68 mm for VSV), rhabdo viruses are structurally simple. There are only five gene products and all are structu ral components of the virion. Much of the work elucidating the structure of VSV and rabies virus has been carried out at Pirbright, initially in the Biophysics Depart ment under Dr Claude Bradish and later in the Biochemistry Department under Dr Fred Brown. Table I lists the properties and principal functions of the five proteins of VSV. Several of the proteins have multi-functional roles.
THE RHABDOVIRUS GENOME
The total sequence of the San Juan strain of VSV Indiana has been determined (16) and a good part of the genome of the Indiana C strain. The significant feature of the VSV genome is its economy; ninety-nine per cent of the genome is trans cribed, and eighty-five per cent translated. There are five genes encoding the five -432 - 
FIG. 1 (cont.) The virion and three morphological types of defective interfering (DI) particles of
VSD Indiana serotype 1c. The long DI particle associated with certain ts mutants and similar to the heterotypically interfering DI particle of the Toronto HR-strain. 1d. The small DI particle associated with the group III mutants of VSV Indiana. -434 - Table I . This is the pattern for the Indiana serotype of VSV and probably the other members of the genus Vesiculovirus, but new data indicate that the order of the genes may be different in the fish rhabdoviruses spring viraemia of carp (9) and infectious haematopoietic necrosis virus. In the rabies virus genome there is a long intercistronic sequence between the G and L genes in place of the intercistronic dinucleotide in the VSV genome. This sequence is sufficient to accommodate an additional gene (21) . This extra sequence may represent either an evolving gene or a relict gene, since all three reading frames are interrupted. In infectious haematopoietic necrosis virus-infected cells there is clear evidence of a sixth gene product.
As sequence information accumulates it will become possible to deduce the evo lutionary relationships of rhabdoviruses. Fig. 2 illustrates diagrammatically a com parison of the 3'-terminal regions of the genomes of the four vesiculoviruses, VSV Indiana, VSV New Jersey, Cocal virus and Chandipura virus. The sequences show varying degrees of relationship corresponding to the extent of serological diver gence, coupled with conservation of sequence at strategic points such as the extreme termini. Sequence analyses of ts mutations in the G, NS and M genes have con firmed that phenotypic changes can result from substitution of single nucleotides (5, Gallen et al., in prep.; Elliott et al., in prep.), i.e. changes equivalent to approxi mately 0.01% of the genome. Laboratory strains of the same serotype differ in 1-2% of their nucleotides, whereas all serotypes differ in 40% or more of their nucleotides. More distantly related members of the Vesiculovirus genus differ in 80% or more of their nucleotides, although, as shown in Fig. 2 , there may be locali sed regions of greater homology. Comparison of the sequences of the Indiana and New Jersey serotypes of VSV have also revealed differences between individual genes, e.g. the G, M and N genes all show greater than 50% homology, whereas the NS genes appear to be more variable and have only 41% of their nucleotides in common. Significant homologies have even been reported between VSV and the paramyxovirus Sendai virus, suggesting a common evolutionary origin for these two families of negative stranded RNA viruses (6).
THE CONTRIBUTION OF VSV TO THE DEVELOPMENT OF ANIMAL VIRUS GENETICS
Conventional genetic analysis is limited by the apparent inability of rhabdoviru ses in common with other unsegmented negative strand RNA viruses to undergo genetic recombination. Sensitive experiments using parental viruses with mutations affecting the properties of four of the five structural proteins of the virion have failed to yield any evidence of exchange of genetic material during mixed infection. Complementation analysis, on the other hand, has been particularly effective in determining the functions of the rhabdovirus genome and has provided a model for genetic analysis of non-recombining viruses (12) . The initial choice of VSV Indiana for genetic analysis proved to be fortunate because five non-overlapping groups of complementing temperature-sensitive (ts) mutants were defined at an early stage, and subsequent work confirmed that these complementation groups correspond to the five viral genes. (A sixth group defined later now appears to represent intracomplementation between mutants of one of the five original groups). Table II lists the general properties of these ts mutants and their gene assignments. The L gene mutants of VSV Indiana (Complementation Group I) have been ins trumental in confirming by dissociation and reconstruction experiments that the L protein represents the virus-specified RNA-dependent RNA polymerase, and estab lishing that it has multiple roles in multiplication being concerned in replication, transcription and maturation. The L gene mutants have not yet been mapped in molecular terms because of the large size of the L gene which embraces more than half the genome (Table I) , but this will be an important factor in locating the diffe rent functional domains of the L protein. Two of these mutants have recently found a novel use in detecting expression of a DNA copy of the VSV L gene incor porated into a vaccinia virus vector by complementation of the gene product (17) .
The G gene mutants (Complementation Group V) have been useful in elucida ting the steps involved in the biosynthesis and post-translational modification of glycoprotein. The VSV Indiana mutants are defective for different stages of G pro tein transport because of either incomplete glycosylation or defective fatty acid acetylation. Gallione and Rose (pers. comm.) found that surface expression of the G protein in Cos-1 cells carrying the ts 045 (V) gene in an expression vector was temperature-sensitive whereas it was not with the wild type or a revertant gene in the same vector. The site of the ts mutation was located to a single substitution of phenylalanine by serine at position 204. This change is sufficient to prevent trans port of the G protein to the cell surface. A ts mutant of VSV Cocal has been cha racterised which is partially defective in glycosylation at the permissive temperature and totally deficient in glycosylation at the restrictive temperature (Ghosh et al., in prep.), revealing that the presence of only one of the two oligosaccharide chains associated with the normal G protein is sufficient to allow transport of the G pro tein to the plasma membrane and normal maturation.
The M gene mutants (Complementation Group III) have contributed to analysis of the role of the M protein, confirming its involvement in transcription in addition to its role as a structural protein.
The NS gene mutants (Complementation Group II) of VSV Indiana have helped to clarify the role of this protein in biosynthesis; however, the corresponding mutants of the New Jersey serotype (Complementation Group E) have been charac terised in great detail (12) . The mutation in all three of the mutants making up this complementation group have been located to a six amino acid stretch of the 222 amino acid polypeptide. Each of the mutants appears to affect a different aspect of the replication cycle, but the phenotypes observed are consistent with the current interpretation of the role of this protein as an ancillary protein responsible for transport of the N protein within the cell to the site of nucleocapsid formation (22) .
The N gene mutants (Complementation Group IV) are the least characterised, possibly reflecting the dominant structural role of this protein, although they have been used extensively in studying replication because certain group IV mutants have properties which allow them to be used experimentally to separate mRNA synthesis and genome template synthesis.
MECHANISM OF GENETIC CHANGE IN RHABDOVIRUSES
Sufficient sequencing of individual ts mutants has been carried out to confirm the prediction that base analogue-induced mutations are predominantly single base changes, whereas spontaneous mutants are more complex. Remarkably it has been established that single amino acid changes in the G polypeptide of rabies virus can drastically alter the virulence for the adult mouse of this otherwise apparently bio logically very stable virus (4). Although strains of rabies virus appear to undergo genetic drift and gradual alteration of phenotypic properties while still retaining full virulence, reversion to virulence of apparently fully attenuated fixed virus can occur during a single or a few passages in cultured neuroblastoma cells. This paradox remains to be fully explored, although it is apparent that the critical mutation in volves a receptor-binding site.
Because of the absence of recombination, genetic variation appears to arise solely by mutation. The frequency of single site mutation in the VSV genome has been estimated from the overall frequency of occurrence of the ts phenotype, or the frequency of monoclonal antibody resistant clones, indicating that the frequency is high (circa 10-4 ), although no higher than in other negative strand RNA viruses (11) . Steinhauer and Holland (19) have developed a procedure for direct measure-ment of the frequency of mutation of individual nucleotides in the VSV genome. This has revealed that even in evolutionary conserved regions of the genome such as the leader sequence the mutation frequency of individual nucleotides is very high and in the range 2-3 x 10-4. The rhabdoviruses are thus highly mutable agents with the potential to change very rapidly in the face of varying selective forces. Although essentially stable under normal conditions of lytic infection, Holland and col leagues (7) have shown that the genome of VSV propagated at high multiplicity or under conditions of persistent infection undergoes rapid and progressive change.
Another factor which determines genetic variability is the fidelity of transcrip tion of the virion polymerase. High mutability is associated with the tsD1 mutant of VSV New Jersey and mutations can be induced in heterologous rhabdoviruses repli cating in the same cells. These data are consistent with the existence of a trans acting "mutator" polymerase in mutant tsDl (13).
OUTSTANDING PROBLEMS AND TARGETS FOR FUTURE RESEARCH
Great progress has been made in definition of the genome of VSV and the func tions of the gene products. But other problems remain to be tackled. It is clear that the whole biology of VSV is driven by the characteristics of the virion polymerase. Another question of great interest is the evolutionary relationship of the rhab doviruses to other negative strand RNA viruses, and of the different members of the rhabdovirus group to one another. An increasing number of viruses from ani mals as diverse as bats and insects which show serological relationships with the classical strains of rabies virus are being identified, and the use of monoclonal anti bodies is revealing unexpected variation among rabies viruses. The origin and the nature of the variability of these viruses are important issues for human and veteri nary medicine.
Notwithstanding the dramatic progress in the understanding of the molecular biology of rhabdoviruses, many of the viruses in this group continue to cause disease problems (e.g. vesicular stomatitis, bovine ephemeral fever, and certain infections producing serious economic losses in fish farming). Rabies remains an important problem in both veterinary and human medicine, and much current research in rhabdovirology is focused on production of cheaper rabies virus vac cines by recombinant DNA technology. The recognition of an increasing number of rabies-like viruses may necessitate development of a corresponding range of vac cines.
The interpretation of mutational change in terms of the secondary (and even tually tertiary) structure of proteins, in the manner currently applied to analysis of the structure and function of the haemagglutinin and neuraminidase of influenza virus and the coat protein of FMDV and other picornaviruses, will be an important step towards elucidating the pathogenesis of rhabdovirus-induced disease in mole cular terms and devising other strategies for disease control. Wunner et al. (22) have identified a single amino acid substitution in the G protein of rabies virus which alters conformation of the polypeptide allowing glycosylation to occur at an adjacent site. This represents the first successful attempt to assess the precise effect of an amino acid substitution on the conformational state of a rhabdovirus protein and is likely to be the forerunner of a future trend. PALABRAS CLAVE : Estructura del antígeno -Genes -Genética -Lyssavirus -Morfología vírica -Mutación -Rhabdoviridae -Vesiculovirus -Virus rábico -Virus de la estomatitis vesicular.
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